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NATIONAL ADVISORY COMHMITTEE FOR AERONAUTICS

TECENICAL NOTE XNO. 646

VIND-TUNREL TESTS OF A 2-ENGINE AIRPLANE MODEL
AS A PRELIMINARY STUDY OF FLIGET CONDITIONS
ARISING ON THE FAILURE OF ONE ENGINE

By Edwin P. Hartmen
SUMHARY

Vind~tunnel tests of a 15=foot-span modsl of a 2~
engine low-wing transport airplane were made as a prelim-
inary study of the emergency arising upon the failure of
one engine in flight. Two methods of reducing the initial
vawing moment resulting from the failure of one eingine were
investigated and the equilibrium conditions were explored
for two basic modes of flight on one engine, one with zero
angle of sideslip and the other with several degrees of
sideslip. The added drag resulting from the unsymmetrical
attitudes required for flight on one éngine was &etermined

for the model airplane. ST s

The effects of the application of power upon the sta-
bility, controllability, 1lift, and drag of the model alr-
rlane were measured. A dynamic~vressure survey of the
rropeller slipstream was made in the neighborhood of fhe
tail surfaces at three angles of attack.

The added parasite drag of the model airplane result~
ing from the unfavorable conditions of flight on one en--
gine was estimated to be approximately as follows:

At ceiling, 30 percent.
Full~throttle c¢limb at sea level, 40 percent.
High spesd, 19 percent.

From 35 to 50 percent of this added drag was due to the
drag of the dead-engine propeller and the other 50 to 65
percent was due to the unsymmetrical attitude of the air-
plane. The mode of flight on one engine in which the an=
zle of sidoslip was zero was found to require less Dower

e
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than the mode in which the angle of sideslip was soeveral
degroas.

INTRODUGCTION

The fallure of an engine in flight has always pre-
sented a serioums situation, esperially in the case of air~
planes having dut one engine; under such condltions lmme-
diate descent is necessary, regardless of the terrain be-
low. In ths. case of multiengine airplanes, this sltua-
tion may e sgsomewhat relieved, for the gliding angle may
be made much gmaller or horigontal flight may even be con-
tinued with one engine desad. '

Althougzh modern multiengine airplanes are designed to
fly with one engine dead, occasional crashes caused by on-
gine failure do oceur. The obvious necessity of providing
enough vower in the remaining enginesg, after one has failed,
to continue flight is by no means the only question to- be
congidered., Asidd from the mechanical problems of isolat-~
ing the fuel and oil supply systems so that the failure of
one englne will not disturb the proper fumctioning of the
remeining engines, thero remains the important acrodynamic
vroblem of control, Tho disgposition of engines in the mnod-~
ern. nultiengine airplane ig usually such as to causc a
large unbalance of moments and forces at the time of engine
failure when adequate control must be provided to bdbring
the alrplane into a state of equillbrlum compatlble with
linegr horizontal flight.

A gtudy of this emergency may well be divided into
two parts: (1) & consideration of the transition periocd
during which the airplane secks a new attitude for equi~
libriunm; and (2) a congideration of the conditions of
flight after equilibrium has been reached, involving the
various modesg of flight in which equilibrium i1g attained,
the control-~gurface deflectinrng nacessary to maintaln
equilidbrium at various spoeds of flight, and the added
drag arising from the unsymmectrical attitude of the air-
plane in flight and fronm the drag of the dead-engine pro-
poeller.

The present investigation, which was made early in
1936, is only a tentative approach fo a study of the fac-
torg involved in the c¢ritical situmtion arising efter
engine failure. It was also an experiment f{u-study labdb-
oratory methods and technigue of handling powered models.
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. The results, 'which are somewhat dissociated and lack much
of being complete, should be of some 1nterest to hoth de-
signers and research engineers. _ ~ e

CONSIDERATIONS OF TEE PROBLEM AND

DESCRIPTION OF THE TESTS

The present investigation has attempted to nrovide
information on several related problems.

The tropgition phage.—~ If the airplane is capable of
flying with one engine dead and if it has sufficlient alti-
tude to avoid danger due to awvkward transitional attitudes,
the unfavorable effect of the transition phase may be anly
a texmporary nildly unpleasant gsensation. . If, however, the
airplene is traveling close to the ground and at an air
speed.close to the stall, the danger from this phase way
be quite great. Multienglne alrplanes uﬁually have a
large noment of inertian about the wertical axis and, when “
(2% cruising speed) a wing engine iails, the airplane con— A
tinues along a straight course for a considerable length ‘_
of time vithout any avppreciable &eviatlon " The Ppilot will
wsually have sufficient time to effect the necessary cdéin-—
trol measures if the canirols are adequate. At air specds
close to the stall, however, there is a possibllity that
the rudder will not be sufficiently powerful to mainfain
equilibriun. 4 precautionary measure would be to remain
on the ground, in take-off, until a speed is reached that
ig considerably higher than the stalling spesed. 155 Ime.

Little was done on the transition phase of the sub-
ject in the present tests except to determine the effect
of the following two measures that have beéen used in the
past to reduce the initial yawing moment after engine faill-
ure. Tho first measure tried was to toe-in the vertical
control surfaccs (on the twin-ruddor tail) so that, after
engine failure, the slipstream of tho actlive propéilef
bearing on %the inclined surfaces would produce a cdrrec-
tive yawing moment. The second moasure was %o toe-out the
engine nacellos so that the slipstream of thae active enw °
gine bonring on the vertical sides of the fuselage and
control surfaces would produce a correctlve yawing. monsnt.
Thoe ~dded drag, in normal flight, caused by the inclina~
tion of the control surfaces and the englne nacelles was
also ncagured.
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The equilibriup copditiong of f£light on one engineg.-
A study of the equilibrium conditions of flight on one en-
gine should be directed toward improving the efficiency of
flight with one engine dead so that the alrplane can main-
tain sufficient altitude to clear all obstacles on the
path to the nearest airport. It . is therefore necessary to
know gomething of the forces actingzg on the airplane, the
attitudes it may assume, and the control deflections re-—
guired to maintain equilibrium.

A fairly comprebhensive analysis of these probleme is
given in roferénce 1, in which are described three more
or less basic attitudes iIn which a 2-engine alirplane can
maintain oquilibrium with one ongilne dead. Onoc of the
bagsic modes involves considerable sideslip and appears
less favorable than the others from drag conslderations.
The othor two basic attitudes may be described as follows:
If it ig ogsumod, for oxampls, that the left-hand ongino
of » convontional 2-enginc transport airplane has failed,
equilibrium may be obtaincd dy: (1) Apnlying enough right
rudder, with zero.angle of bank, not only to balanco the
yawing moment of the active engine but also to cause sev-
oral degrees yaw (sideslip) to the left; (2) Applying
right rudder gufficient to balance the yawing moment. Tho
sido forces in this method arc balanced by the weight com-
ponont caused by a small angle of. bank rather than dy the
side wind force on the fuselage in the first method. In
this attitude, the airplane hag zéro angle of yaw. Tho
dlagram chown in figure 1 illugtrateos these two attitudes,
one of which 1s essentinlly an attitude of yaw and the
other, an attitude of bank.

In conncction with the equilibrium phase of the prob-
lon, the added draxz due to the two baeic modes of flight
with one engine dead was determined. The tests were lin-
ited to one model airplane, which was congsidered fairly
representative of the conventional 2~engine low—wing ftrans-
port airplane. Information was also obtained concerning
the angles, nonents, and forces for equilibrium for this
particular model. '

Slipstream survey and incidental pouer effoctg.~ In
addition to the varts of the test program descrlibed in the
procoding parvagraphs, certain effects of power on the sta-
bility and controlladbility of the nodel airplane were ln-
vestigated. A elipstream-velocity survey was made at tho
rear end of the fuselage to help déternine a suitable lo-
cation for the tail surfaces. ' '
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Yodel airplans.~ All the tests in the present study
were made of a 2-engine low-ving airplane model, which had
been constructed for use.in a previous research program.
The model, although not a direct copy of any airplane, was
roughly representative of a conventional type of transvorst
alrplane in use in 1934, I%s general outlines and struc-—
tural characteristics are shown in figure 2. Two sets of
detachable taill surfaces representing the single- and
twin—ruddor types were available. Their sizes and angular
settings wore not gquite the optimum for the model alrplane,
but this fact should not greatly affect the comparisons
made ia this report. Time did not permit experimenting
with sizes and positions other than the ones provided by
theso two available tail surfaces. The model had no ai-
lerons, flaps, or landing gear. ' - )

1

uli

The two 2-blade propellers were turned by two 5-horse-
power clecciric motors enclosed in M.A.C.A. type nacelles
located in the leadling edge of the wing. Perforated disks
were used to simulate the drag of the engine cylinders,
and the nacelless were mounted so that they could be moved
spanwilise and swiveled laterally zbout vertical supporting
pins. ' - - .- :

Hodel mounting.- The tests were made in the ¥N.A.C.A.
20-foot wind tunnel described in reference 2. A photo--
graph ol the test set~up is shown in figure 3. The model
was mounted on a ball=bearing universal joint attached to
the top of a freely rotating wvertical shaft alsoc mounted
on ball Hearings; this arrangoment gave the model freedon
in piteh, yaw, 2nd roll. The movoments of the model were
regtraincd by fino steel wires attached to the upper sur-
faces of the wings ond the rear part of the fuselage and
connectoed to balances uvpon which the pitching, the yawing,
and the rolling moments werc measured. Lift, draz, and -
lateral force were measured witk the regular wind-tunnel '
balances. The parts of the mounting causing tare drag and
tare moments were the fine round piano wires and the short
Piece of streamline strut directly beneath the modél,_ as
shown in the photograph. Provisions were made for changing
the angles of yaw and pitch during a test and for keeping
the moment wires perpendicular to. the wind axigs at the sane
time to prevent mixing the force compoh®nts. A4ll forces
and nmomnents, except the rolling moments, were measured
relative to the wind axes. The rolling moments were meds— -
ured relative to the X body axis. L -



ey

eAh.C.h. Technical Note No. 646

Instruments for measuring tho propeller revolution
spoecd and the power gupplied to the motorg werc located
on the tect—chambor floor.

SYMBOLS

A list of tho symbols used in this report follows:

L/qS,

Q
by
!

Q
2]
i}
[2s]
~
«Q
[92]

2mQN,
qSJD

1ift coefficient.

1ift, 1ba

wing arca, sqg. ft.

dynamic pressure, 1lb. per sq. ft.

dynamic pressure in the slipstream.

air density, slugs per cu. ft.

resultant~force coefficient (along wiand axts),
regultant forcs along-wind axis, 1b. (Drag is
positive.)

, effective drdg;coeffiéignt."

?gm ;i the torque of all engineé oéerating;

propulsgsive efficiency vaken fronm pfopeller
tests made at zero anzle of attacl.

V/uD.

alr speed, f.p.g.

propeller revolution sﬁaed,'r.p.s;
propeller dianeter, ft.
pitching-monent coefficient.

pitching noment, ft.-1lb.
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H/gSv,

Q
~
i
]
~~
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nean aerodynamic chord, ft. (2.54 ft. on model

airplane).

yawiﬁg—moment poefficiént.
¥yawing moment, ft.-1b.
wing span, ft.
laeteral-force coefficlent.
lateral force, 1b.
flight-path angle, @egf
angle of yaw, deg.

angle of sideslip, aeg.
angle of bank, deg.

angle of attack, deg.

angls of rudder.

angle of elevator.

a factor by which GDi is divided to make
Cp - CDi = constant
total drag coefficient.

induced drag coefficilent.

parasite drag/q, equivalent parasite area of
airplezne in normal 2-engine flight, sq. ft.

equivalent vparasite area of dead propeller,
sq. Tt. ' . -

equivalent parasite area corresponding %o the
increase in the drag of the airplane, other
than AOf,, caused by flight with a dead en-~

cine, sg. f£f.

il



e N

8 F.i.0.A, Technical Note No. 646
I'"ETHQODS

Since the power effect ¢f the model engines will vary
with blade angle V/aD, and propeller revolution speed,
it is advantageous to decide at the beginning of the 1n-
vestigation on the design characteristics of the airplane
that the model represents and from then on to express all
results in terms of thig airplane, It is convenient, and
in the present case not seriously detrimental, to neglsct
scale effect. An arbitrary tare 4rag, whlch aporoximated
the actual tare drag, was deducted from the total drag in
order to bring the final drag coefficient to & desired
value.

The followilng characteristics were chosen for the air-
plane that the model was %o repregent:

Scale of model ~ - — ~ Bl
Wing span - -~ - - - -« - 75,56 ft.
Wing area - - - -~ - -~ -850 gq. ft.

!
1
{

Gross weight -~ - 13,600 1b.

Wing loading - - -~ ~ - 16 1b. per sqg. ft.

Asvect ratio - -~ - ~ - 6.72

High speed =~ — - - = about;léé mep.h, {s62 level).

Povwer - - - - - = =~ <= 2 engines rated 700 horsevpower
at 1,800 r.p.m,

Provellers - - - - - - contrallable (two Qottings)

diameter-10 ft.; 2 blades!
low hladec angle, 22°¢; high
blade angle, 25°.

Equilibrium Conditions of Flight on One Engine

In the present investigation the equilibrium condi-
tions of flight on one engine were obitained by measuring
the forcos and moments on the =odel at several angles of
attack and of sideslip with various rudder sgettings and
then croge-=nlotting the results. 4g the determination of
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the conditions of complete equilibrium by means of this
method requires an excessive number of cross plots, the
pitching ard rolling momernts, which were small enough to
have zn iunappreciable effect on the equilibrium attitude,
were neasured but were not brought to gero. The only cor-
rection nmade to compensato for the rolling and pitching
moments was the addition of incremerdnts of drag, which were
calculated to be eguivalent to the drag produced by the
deflections of the control surfaces necessary to bring the
pitching and the rolling monments to zero., Thesc incre=
ments wore very small.

All the tests were made with the right propellsr op-
erating and the left propcller locked vertically, because
only with the dead-cngine propeller locked could revpre-

. sentative conditions be obtained Sufficient data on the
drag of locked and freevheeling proyellers are avallablae
(references 3, 4, and 5) to make the necessd¥y cdrrsctions
for the propellcr-opcrating condition. Both propellers
were set at 22° at 0.75 R in all the tests reported herein.

The data for calculating the drag characteristics in
the Danked mode of flight (zero yaw) were obtained from
the tests covering the atititude of yaw, 'ad the angle of
zero sideslip (yaw) was in the range of sideslip angles
tested. The small angle of bank of the airplane in this
mode of £light (about 2°) should cause no additional drag.

Slipstream Survey and Power Relations and Effescts

Survey of slipsiream.~ A pressure survey of the slip-
stream wag made to determine its velocltv end its posi-

tion relative to the tall surfaces. In order to obtain the

survey, the tail surfaces were remdéved and a vertical bank
of static~ ~nd total-head tubes was mounted 1imn the genefrirl
location ¢f the tail curfaces. A phobtograph of the survey
apvaratus in place is shown in figure 4. The horizontal
bar ithoat supported the' bank of pressure tubes was made 80
that it could be moved gponwise, thus covering the cniire
slipstreans The pressures werc recordoed nhotogranhical’y
by o multiple menometer. Surveys were made at three val-
ues of 7V/nD for each of threc angles of attack and, dur-
ing the survey behind cach propeller, the other was locked
vertically to rcpresent conditions of flight with one en-
ginec doad.

Power relations.~ From mroupellsr tests aﬁinggég tests

T
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of the model, data were available for calculating the
curves of thrust horsepower available and required for the
simulated airplane., The same data were used to construct

a curve of V/nD against Cr,, reprosenting full~throttle
conditions, 7hich was found useful in determining the full~
power conditions of the tests. The only other power con-
dition invesgtiganted in these tests was that of level
flight. The coefficients represénting level flight were
obtained from plots of the coefficisents at points where

Crp was sgero.

Coofficiont Op .- The general method uscd closcly

followed that glven in refersnce £, Considerable varia-

tion in certain places was necessary, however, to make al-
lowance for the different conditions in the present ftests.
The effective dres coefficient GDG' developed in refer-

cronce 6 was used. The effective drag when the propellors
are operating is meroly the calculatod propeller thrust
(from vropeller curves) plus the drag-balanco reading.
Inasmuch as the propeller efficiency used in calculating
cDe is based on propeller data taken at zero angle of at-

tack, the Op at higher angles of attack includes an in-
e

crement equivalent to the loss of efficiency caused by in-
clining the thrust axis. The effgct of thrust-axis in-
clination can thus be conveniently included, as practical-
1y all propeller tests upnon which performance calculations
are based nrc made with the thrust axis perallel to the
wind axis.

Poyexr—-on wolarg.—~ The drag cdefficient ”GDe may bo

used to derive power-om poélars representing various power
conditiong. A levael-flight »olar may be made by merely
calculating Cp and .GDS at various angles of attack,
for coznditions where Op 1is zero. The test procedure is
to take recadings of 1ift, drag, propeller revolution sgeod.
and torgue at various throttle settings (values of Cp
for the complete range of anglcs of attack. These velucs
of OCp and GDQ aro then vlotted against O and (for
lovel flight) values of O and Oy are pickod off

e

whoeroe OR = 0.

Values of O other than zero reprosent other power
conditiona in either gliding descexdt or elimb, In refer-
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ence 6, Cp is conveniently expressed in terms of the
tangent of the fllghtubath angle.

CR=—GL‘ban'Y

A polar may thus be obtained for any angle of climb or de—
scent within the capabilities of tho airplane from full
vower to maximum negative %torgue. foment cocefficients
representing lovel flight can be obtained in the same nan-
ner as aro the 1ift and drag coecfflicients.

RESULTS AND DISCUSSION

Power Relagtiong and Transition Effects

Power‘curveg.— The curves of fthrust horscpower avail-
able and required for the simulatod ailrvniasne are shown in
figure 5. The breal in ithe curve of thrust horsepovwer
available ig caused by the change in hlade-angle getting.
If one engine failed, the pilot would prodbably set the ac-
tive proveller ot low pitch to obtaln the maxlmum power
fron the operating engine.

Ag the thrust horsepower can be exnressed in_terms of
V/aD gnd V for any particular airplane, the curve of
thrust horsepower available at full throtitle may, Dby the
use of propeller curves, be converted to o curve of V/uD
against V and, with a known wing loading, V/nD for
full power may be plotted against O as in figure 6.

Trengition effects., preliminary blota.— An examnle of
the type of preliminsry plot used to obbtain th cgrves,
which show tho effects of toeing~in the fins and rudders
of the model equipped with the twin-rudder tail, is given
in figure 7. Values of Oy, CDe’ Cg., and Gn are blot-
ted against V/nD in figure 7. The coefficients O,
GDe’ and G represent normal conditions of flight on

two engines, whereas the curve of C, ropresents the yaw-

ing momont that would occur if one of the engines suddonly
stoppecd. Thoe values givon by the cocfficient curves at
their intcrscetions with tho wvertical linc passing throug
Gg = 0 roprosent ‘ovol-fliggt condltlons, full—nowor con—

ditions are ropresentecd. by the intersection of thc coeffi-

NI W
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cient curves with the other veriical line, which is located
by the intersection of the G-, turve with the curve fronm

figure 6 of Cj against V/nD for full power. Tie coef-
. flcients lying between the two vertical lines represent
all the mossible climbing conditions for the specificd an-
gle of attack. ’

Effgct of boping-12 weryical %tail surfacos.-~ The coef-
ficient values representing fullapower conditions from, fig-
ure 7, and from other similar plqts, were corrccted for
Jjet-boundary conditions and plotted in figures 8 and 9.

The uppoer curves in both figurcs :show tihe increase in drag
coefricient, in normsl 2-cngino f£light, of toeing-in tho
fing and rudders as illustrated by the sketch of the tail
in figurce 8. The curves in tho lower half of cach figuroc
show the roduction in initial yawing moment, after the
failure of onc engine, resulting from this measuroc.

It v1ill be noticod in figures 8 and 9 that the cor-
rectivo offoct of toeing—in the fing aad ruddors is groat-
er if the righ% engine fails than 1f the left englne fails.
- This effect may be explained by the fact that oanly the un-
per helf of the slipstream impingses on the rudder and the
twigt of the slipstream from the right-hand engine is such
as to wash out the effective toe-in angle; whercas the op-
posite 1s true of the slipstream of the left-hand ongine.
In both onses, however, the correcziive effoct of toeing-in
the vortical tail surfacos is fairly small.

Effact of toeins-ount engineg.— Another possible metia~
od of reducing the initial yawing . moment at the instant of
engine failure is by toeing-out the engines go that the
slivstrean bears on some vertical surface, such as tho
FTuseloage or the rudder. This mothod will naturally be
wore efifeciive for high~wing than for low-wing ailrplancs
becauge, ir the cadoc of the hish-wing tyve, the slipstroan
will be morec likely to strike the fin_and ruddor.

Tho curves in figuro 10, which were obtalned by the
same geieral method ag thosc in fizurcs 8 and 9, show the
effoct of toeing-out tho engincs 5° and 10P°. The conters
of the propeller hubs werc the same distance avart at bhoth
angles., With the engines set at 5°, the initial yawing
moment (ot Cp = 1.0 ig reduced 15 poercent and, at an
englo of 10°, it is reduced 20 pcrcent. The addcd drag
due to the angular sotting of the pngine (which includcs
an increzent cqual to the loss in propeller efficiency duc
to tho angle of yaw) 1s considerable.
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A brief cxamination of the rosults shown in figures
8, 9, and 10 indicates that an attempt to rcduce the yaw-
ing monent after engince feilure by either of these meth-
ods would be quiteo impractical. The designer would un-
doubtedly feol that the beneficial effect of these neas—
ures would cost %too much in terms of drag. It appears
wigser nerely to increase the size of tho ruddor to insgu?s,
vawing control in case of engine failure at low air speods]

Bguilibrium Conditions of Flight on One Enginé

Prelimingry chartsg.- Figures 11 to 19 deal entirely
with tihe sftudy of the equilibrium conditions of fllght af-
ter one engine has failed. The dezd-engine nropeller was
locked wits the vpropeller vertical inm all cagses. 4 con-=
siderable nunmber of plots and cross dlots of data were nec-
esgary to obtain the final data representing equllibriuﬂ
conditions. A few of the final plots showing interestin
and useful relations between the wvarious factors involv&i
are given in this report. These figures relate 1argelv
to the yawed condition of flizht on one engine, as prev{—
ously described; in sll cascs the lTeft-hand engine was ~

stopned. The finuves represent 1evel-fligh% conditlons at'

sea level,

Figures 11, 12, and 13 show the variation of yawlng-
nonent cocfflcient and lateral-force coefficient with side-
slip anzle for various rudder anglos and angles of attaclk.

The rudder angles and yaw anglcs giving Zero yawing momcft

and zoro lateral force Are shown as Ffizures 11(c), 12(e),
and 13{c). The intersection of the curvés df Oy and Gn
doternines the sideslip and rudder angles for oquilibrium
for cach particular angle of attack. It appears from the
fitures that the twin rundders would be insuff1c1ent to
maintein cguilibrium at ‘angles of attack higher than 15

Fisure 14 ghows the variation of bltchlng—monent co~
efficient with sideslip angle for the three angles of
attack tested. Rolling moments were also measursd but
they were g0 erratic as tc be aselegs for showing trends;
howvever, average values did show the rolling moment to be
small &n all cases. The dihedral angle of the model alr-
plane was sonmewhat less then that cOﬂnonly found in current
design and, for this reason, its mcasured Tolling momentd
shon sideslipped is believed to be less than normel. The
Ditching nmnoments in figure 14 scem to be gquite érratic but
they indicate, in general, & reduction of nitching moment
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with gideslip angles above 2-—1/2o and a considerable in-~
creage 1n pitching noment with rudder angle.

Figures 15(a) and 15(b) show the variation of 1lift
coefficient and effective drag cadefficlent with sideslin
angle for various rudder angles, the short vertical linos
representing equilibrium sideslip angles. Figures 15(c)
and 15(d) are cross plots taken from 15(a) and 15(b) at
the equilibrium sideslip angles. The coefficlent values
at the intergections of the vertical lines in figuros
15(c) and 15(d) represent equilibrium conditions of forco
along the X, Y, and Z axce and of yawing moment. The
rollins and pitching moments are nct gquite in balance, but
calculatod corrections vere made before the squilibrium
cooefficients were plotted in polar form.

Figal polars and power curveg.— The polars for the
single~engine and for the 2-engine level-flight condition
are shown 1in figure 16. The vpolar for the banked nmode of
flight on one engine was obtained.from the prevlious curves,
figures 11, 12, 13, and 15, at the angle of zeroc sideslip.
The lateral force due to the deflected rudder was 1n this
case assgsuned to be balanced by the gravity force caused
by a.small angle of bank (about 2%), The angle of bank
does not-affect the drag. Figure 16 shows the banked mode
of fllzht to be somewhat better then the yaweld mode. The
disadvantaege of—the yawed mode results from the added air-
rlane drag and the loss in rudder effectiveness coused by
the angle of yaw or sideslip. The yaw angle also results
in a snall loss of propeller efficiency.

Drag _analysig.- At a 1lift coefficient of 0,725, corre-
sponding to a climbing air speed of 93 miles per hour, the
additional drag caused by the unfavorable conditions of
flight on one engine is about 15 pbrcent of the normal
drag. A comparison of figure 16 with figure 17, which
shows Dpolars for various propeller operating conditions,
indicates that about four~tenths (6 percent) of the in-
crease in drag 1lg caused by the dead propeller and sbout
six~tenths (9 percent) by the rest of-the airplane. The
dead propeller has a particularly bad effect, for not
only does it contribute a drag of 1te own but 1t also re~-
sults in a moment equal to twice its drag multiplied by
the distance of the propeller hub from the axis of sym-
metry. This condition is caused by the fact that the ac-—
tive »ropeller must supply additional thrust to_overcome
the drag of the dead propeller. Obviously, controllable
propelletrs that could be feathered .to 90° would be a great
help in cmergencies of this kind,
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The polars given in figure 16 were convsrted to thrust
horsenowcr required (. hn.r) for the airplane represented

by the nmodel and are plotted against alr speed in figure
18, The thrust horsepower availadble (%. hp. )} curve from '

figure 5 is also included. The thrust horsepower available
for flight on one engine is, of course, half of that for
normgal 2-engine flight. -

Asg pfeviously mentioned, the added drag resulting from
the conditions of flight on one engine is 15 percent, which

is larsely the result of an increase in parasite drag. As
the parasite drag at climbing speed is approximately half
of the total drag, assuming e = 0.8, the increase in

equivalent parasite area Af/f, will be about 30 percent.
This value anproximates the drag exigting at ceiling on
one engine, though it is probably a little optimistic. 1In
full-throttle climb at sca level, the value of Af/f will
be consideradly greater than at ceiling.

The rate of climd at sea level cannot ba found by the
-usual mothod of dividing the excess vower (above that re-
gquired for level flight%) by the airplane weight because,
as the »ilot opens the throttle. to make the climb, the
power required to overcome the drag .of the airplane in-
creases, owing to the Iarger rudder angle required, and’
the excecs vower availlabdls for c¢limb therefore hecomesd

less then indicated. o - -

With the data avaeiladble in the present case, howsver,
it is mossible to estimate the added drag in climbing
flight and the initial rate of climb. At 93 miles per
hour, ke value of Af/f was found to be 30 perdedt. The
ratic Af/f may be broken up into two parts: Afp/f and

Af,/f, where Af, 1s the equivalent parasite area of the
dead provelleor and Afa is a parasite afea equivalenﬁ to
the incrcase in drag of the alrnlane, exclusive of Af
caused by the conditions of flight on one engine.

It may be assumed with reasonable accuracy that for
flight with one (of two) enoiﬁes desad, -- -

.

ya

(8fn)g _ " (t.hp:la_ )
(Af5)y (t.hp. )y )

where sujscripts. a and b represent conditions result-

-

r
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ing from different throttle opecnings of the active engine

for a given dir gpecod and where the proportienallty factor
k 1s a constant with a wvalue equal to or slightly greator
than 1,

The calculations for the pféseﬁﬁ airplaﬂo are aé.folu
lowsg?

A before mentionecd; Af, = 0.4 Af end AT, = 0.6 Af;
therefore Af, = 0.4 X 0.70 f = G.12 £, and Afg, = 0.6 X
0,20 f = 0.18 f,

For level flight at 93 m.p.h., t.hp.o/t.hp., = 480/340;

therefore (Af,) = Af, x k x (480/340).

climb

If k i 1 al . =
f kX is assumed to be equal to 1.1, (Afa)allmb

0.18 £ x 1.1 (480/340) = 0,28 f. ‘The total increase of

equivalent parasite area in full-throttle climb at sea

level will be Afy + (Af,) ., , =0s12 £ + 0,28 £ = 0.40 £,
= clinm -

4

In normal 2~engine flight tha thrust horsepowver re-
quired for level flight at 93 miles per hour is 294. About
half the power (147 t.hp.) is used to overc¢sne parasite
drag and the other half to overcome induced drag. The
thrust haorgepower required to overcome the varasits drag
of the airplane climbing on onc .engine at _sea level will
be

147 x 1.40 = 206 t.hp.
The total power required will be
206 + 147 = 353 t.hp.
The excoss pawer left for'cliﬁbing ﬁili be
480 - B53 = 127 t.hp.

and, as the airplane weighs 13,600 pounds, fully losaded,
itg initinl rate of clinmd with that load will be

(127 x 33,000)/13,600 = 308 £t. por min.

The value of (f + Af)/f for high speed at sca levol “
will be approximately equal to the ratio (t.bp.,/(t.hp.),
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where (t.hp.)1 is the thrust horsepowser reguired at high
speed on one engine and (t.hp.)s; 1s the thrist horsepower

requlred in normal 2-engine flight at the same-air speed.
For the vresent airplane,

(f + AF)/f = 590/496 = 1,19

which gives a velue of 0,19 for Af/f at high speed on
one engine.

In & summarization of the case for the present air-
plane, the approximated values of Af/f, which repreésent
an avernge for the yawed and banked modesg of flight on
one engine, are as follows: = =

At ceiling, 0.30.
Full~throttle climb at sea level, 0.40.
High speed, 0,19.

Anplication.~ It should be pointed out that thess
values of Af/f are the result of some falrly loose ap-
proximations and that they apoly strictly only to the air-
plane rcprescnted by the model. There are a great many
variables in the design of airplanes that will have a _
marked influence on the ratio Af/f. Among these varia-
bles are: ©vropeller diameter, number of blades, blade
angle, engine spacing, and rudder design. The values of
Af/f will also vary directly with the ratio of engine
power to f. A4Also, mogt modern 2-engine transport alr-
planes use 3-blade propellers instead of 2-blade ohes,
such as used in the present tests. For this reason alons,
the values of Af/f for modern airplanes may possibly e
25 percent greater than the values given for the present
aJH‘Pla.ne model., I% is beyond the scope of this repdrt
to give consideration to the quantitative effects of all
the factors that affect the flight of airplanes with dead
engines. The best source of information on this subject
at the prescnt time is found in roference 1, which should
be consulted in gll performance calculations of this type.

Boullibrium attitudeg.—~ Some of the equilibrium atti-
tudes and control angles necessary for flight on ome en-
gine con be examined by the ald of figure 19. In this
figure are shown the equilibrium angles of sideslip and
bank and the equilibrium rudder angles for the two basic
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modes of flight on one engine. In the banked mode of
flight the sideslip angle is zero and the angle of bank
is about 2° sy lncreasing glightly with increase in ailr
spceds The rudder anglo inereasaos with a decrease in air
speed but ig much lower than the angle necegsary for the
yawed mode of flight. In the yawed mode of fllght, the
rudder is inadequate to maintain equilibrium below an alr
spoed- of about 72 miles per hour. In thisg mode of flight,
the anglo of bank is zero and the angle of gideslip 1s un—
dor 10%, decreasing rather rapidly with increasing alr
specde '

The fact that the rudder angle for the tanked mode of
flight i1s considerably less than for the yawed mode of
flight is very important, because there las always a gtrong
possidbllity that the rudder will be inadequate and any
means of increasing its effectiveness will be of—value., e
For thig reason, as well as for the purpose of securing a v
lower drag, the banked mode of flight is much superior to
the yawed mode. '

Deglegn factors.~ In dealing with the emergency situ-~
ation arising on the failure of oneo engine of a twin-
engine or a multiengine airplane, the designer should pay
particular attention %0 the rudder design in addition, of
courssé, to the obvious necessity of maintaining the max-
imum ezcecss of —powor available, with one engine dead, over
that required for level flight. The rudder (and fin)
should be somewhat larger than the size required for ordi-
nary flight purposes and i1t should have as great an aspoct
ratio as ig structurally feasible for the purpose of maln-
taining high values of IL/D, for the vertical tail sur-
faces, at large rudder angles. '

The full-feathering controllablo propeller that can be
set to 90° after engine failure is an Important asset 1ln
flight with one engine dead. It is of especisl valus in
installations where the normal blade angle is low, for the
drag of a dead propeller increases rapidly with decrease
in blade angle. A full-feathering propeller will not only
reduce the drag of the dead propeller to a large degreo
but it will algo relieve the load, as well ag the drag, on
the already heavily losaded rudder.

Slipstream Survey and Incidental Power Effects

Slipstream suryvey.~ The results of the slipstream sur-
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vey arc shown in figure 20 as contours of qs/q, the ratio

of the dynamic pressure in thc slipstream to the dynamic
pressure in the undisturbed air stream. The values of
V/nD  for the surveys shown in figure 20 represent a flight
condition about midway between level flight and fullepowor
climb. Surveys made at two other wvalues of Y/uD are not
shown here, The survey behind each propeller was made
with thce other propeller locked. The propeller disks are
shown in the figure and the positions of the tall surfaces
have been drawn in their proper location. The view shown
ig looking forward and parallel to the propeller axis. I%
will be noted that the slipstream vattern has been greatly
distorted in passing over the wing and that, as the angle
of attack is increased, the entire slipstream is deflectod
upward by the free air stream. These contours may be of
help %o designers in locating tall surfaces.

Effect on sirvlane polar of propeller ggg;aiigg con—~
dition.~ The drag of the dead-engine propeller will have a
considerable influence on the performance of an airplane
after ongine failure. References 3, 4, and 5 provide data
for computing this effect, dbut it has been congidered de-
sirable to include in this study tests to show the effect
of the propeller overating condition on the lift-drag polar
of the model airplane. The results of the tests for that
purpose are shown in figure 17. It should be noted that
the power-on polar for level flight 1& the same as the
polar with propellers removed in all but the high-13ift
range. This result means that level-flight characterie-
tics, except at low speeds, can be calculated from the
usual polar obtained with power off (no propellers). In
reference 6 it is shown, nowever, that the power-off polar
eonnot be used to calculate full-power climding character-

istics unless & suitable value of the factor e is used.

It is observed that a propsliler locked at 22° adds .
congiderably to the drag of the alrplane and the drag with
the propesller idling (turning over the electric motor
against friction torque) is somewhat lese. The effect of
locked or idling propellers on the maximum 1ift coefficient
is small, though the power-on condition for level flight
seems to prevent the early stall and increases the maximum
1ift by about 21 percent.

Effect of power on_stabilityv apnd controlliability.-
Figure 21 is a2 comparison of the pitching moments of the
model airplane with power on arnd with power off (propel—
lers removed). As was previously mentioned, time did not
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pPermlt exverimenting with different tail areas and set—~
tings and 1t was not known at the time the tests were made
whether or not the tail areas or settings were corrects
The trim angle and stability were. not satisfactory; the
destabilizing effect of adding power, however, is clearly
shown. ' ’

Figure 22 gives an interesting comparison of the |,
pPitching moments with the twin~ and single-rudder teils
with which the airplane model was alternately cquipped.
Although the horizontal surfaces of tho twin-rudder tail
were of gomewhat smaller areca than those of -the single-
rudder tail, tho twin-rudder %tall is obscrved to bo more
cffective. This quality of the twin-wmudder tall has beon
known for some time and is usually atiributed to the end-
plate effect of the twin ruddors, which tond to prevent
tip loss. All the momonts in this report are given with
rospect to the pivot point, which was at 32 percont of the
mean aorodynamic chord (see fig. 2) except in the case of
figures 21 and 22 where the moments wero transferred to o
point 5 porcent of the mean acrodynamic chord ahcad and 12
percont of the mean aerodynamic chord above the vivot
-point. The point about which the pitching moments in fig-
uros 21 and 22 are glven 1s at 27 porcent of the mcan aoro-
dynanie¢e chord.

Figure 23 shows that the addition of power increases
the effectiveness of the elevator control. Although  the
curves appear to be somewhat erratic, the effect of power
1s c¢learly, shown. The curves in figure 24 for level-flight
vower conditions show the increase in drag dus to elevator
deflection,

Tho yewing moments plotted against yaw angle for the
model airplane equipped with the single- and the twin-
rudder tails are given in figure 25, which shows the twin-
rudder tail to be legs effective than the single-rudder
tall in regard to yawing moments, though both have the same
vertical tail area. Figures 26 and 27 show the rudder ef-
fectlveness, on this type .of airplarne, to be very 1little
altered by the application of power.

CONCLUSIONS

The following conclusions refer, in genéral, to 2~
engine alrvlanes similar to the modol tested.
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l. Toeing-out the engines or toeing-in the twin rud-
ders and fins were 1mpractlcal methods of reducing the
Yawing moment after engine fallure on the. low—wing 2-engine
airplens that the model represented. -

2. The use of power in the present tests pro&ucédia
destabilizing effect on the nltching moment of the air-
plane model.

3. The yawed mode of flight on ona engine aftor en-
gine fallure increased the drag of the alrplane somewhat
more than the banked mode of flighb.

4, The increage in the parasite drag of the airplane
in three conditions of flight with one engine.dead was al-
proximately as follows: ceiling, 30 percent; full-throttle
climb at sea level, 40 percent; high speed, 19 percant.

B¢ The %ests indicate that a powerful and efficient
{high L/D) rudder would be necessary for efficlent flight
wlth 2 dead engine. . oL

6e Full~feathering controllable propellers may be
important assets in flight with a .dead engine, espécially
where the normal blade~angle settlngs of the propellers
are low.,. - - "

7¢« In the yawed mode of flight on one engine, fhe'”
yaw angle averaged about 5° and the ruﬂder became inade~
quate at low alir gspeeds.

8s In the banked mode of flight on one engine, the
rudder angle required to maintain equilibrium was much
less than for the yawed mode and the required angle of
bank was only about 2%, D

Langley liemorial Aeronautical Laboratory,
National Advisory Committee for Aeromnautics,
Langley Field, Va.,, March 14, 1938.
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Figure 2.- Three-view sketch of airplane model.
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